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ABSTRACT 
Endoplasmic reticulum (ER), as the largest endomembrane system in eukaryotic cells, 
plays important roles in material synthesis and distribution. However, the underlying 
function of this amazing network in relation to the rest of the cell is largely unknown. In 
our studies, we use plasmolysis as a tool to study the shape and dynamics change of 
endoplasmic reticulum. During the process of plasmolysis, the portion of ER that 
remains in the protoplast goes through dramatic shape and dynamic change, which can 
be quantified using persistency mapping. Together with fluorescence recovery after 
photo-bleaching (FRAP) analysis, we found that accompanying the shrinkage of the 
protoplast and its retraction from the cell wall, the protoplast endoplasmic reticulum 
becomes more persistently cisternalized without changing its association with the 
cytoskeleton or its internal flow. On the other hand, as the protoplast pulls away from 
the inside surface of cell wall during plasmolysis, the volume of protoplast shrinks, while 
leaving parts of the ER and cytoskeletal components in the periplasmic region, forming 
Hechtian strands and the Hechtian reticulum that remain attached to the cell wall. The 
portion of ER that remains attached to the cell wall forms Hechtian strands and the 
Hechtian reticulum, and they have decreased internal flow and become more tubular 
shaped. For Hechtian reticulum specifically, it co-localizes with microtubule. 3D 
reconstruction models based on fluorescent confocal live images reveal the detailed 
structure and spatial organization of ER, plasma membrane and cell wall within the 
periplasmic region, as well as the ER – microtubule co-localization in the Hechtian 
reticulum. Interestingly, we found that within the periplasmic region, plasma membrane 
do not retract from the vicinity of the inner surface of the cell wall as protoplast is pulling 
away. Instead it forms a cover at the region where Hechtian reticulum forms. Together, 
our model suggests that the formation sites of Hechtian reticulum and Hechtian strands 
are potential cell wall – plasma membrane – ER anchor points. These anchor points 
may have important functions in ER morphological and dynamic control, thus 
contributing to biological processes from nutrition and growth to pathogen defense 
during the life span of plants.  
  
	 iii	
TABLE OF CONTENTS 
                                                                                                     Page 
ABSTRACT…………………….…………………….………………………………….….. ii 
TABLE OF CONTENTS…………………….…………………….…………………….…. iii 
LIST OF FIGURES…………………….…………………….……………………..……… v 
CHAPTER I INTRODUCTION…………………….…………………….……….............. 1 
The classic model of endoplasmic reticulum…………………….………………. 1 
Endoplasmic reticulum structure and its regulation…………………………...… 1 
Endoplasmic reticulum dynamics.……………………………………………….... 4 
Plasmolytic dynamics ER behavior during plasmolysis………………………… 5 
CHAPTER II ER SHAPE AND CYTOSKELETAL ASSOCIATION CHANGE 
DURING PLASMOLYSIS…………………………………………………………... 
 
8 
Introduction…………………………………………………………………………… 8 
Materials and methods……………………………………………………………… 9 
1. Transgenic plant growth and plasmolysis experiment………………… 9 
2. Fluorescent dye labeling………………………………………………….. 10 
3. 3D reconstruction………………………………………………………….. 11 
4. Fluorescence recovery after photo-bleaching (FRAP) analysis……… 11 
Results………………………………………………………………………………... 12 
1. Protoplast ER becomes more cisternalized during plasmolysis and 
recovery………………………………………………………………… 
 
12 
2. Hechtian strands and Hechtian reticulum form within the periplasmic 
region…………………………………………………………………… 
 
14 
3. Plasma membrane behavior within the periplasmic region…………… 19 
4. Cytoskeletal association behavior of ER during plasmolysis…………. 20 
Discussion……………………………………………………………………………. 26 
CHAPTER III PLASMOLYSIS ER DYNAMICS AND ITS INFLUENCE ON 
CYTOPLASMIC STREAMING……………………………………………............. 
 
29 
Introduction…………………………………………………………………………… 29 
Materials and methods……………………………………………………………… 30 
Results……………………………………………………………………….............. 31 
1. Protoplast ER become persistently cisternalized during 
plasmolysis…...………………………...………...………................... 31 
2. Total movement of protoplast ER diminishes during plasmolysis……. 35 
3. Streaming of lipid bodies slows down is correlated with changes in 
ER movement and cisternalization…………….……………………. 
 
35 
	 iv	
Discussion……………………………………………………………………………. 36 
CHAPTER IV CHANGES IN PROTEIN MOVEMENT WITHIN THE ER 
LUMEN……………………………………………………………………………….. 
 
38 
Introduction…………………………………………………………………………… 38 
Materials and methods……………………………………………………………… 39 
Results: Photobleaching of ER luminal proteins reveals shape related FRAP 
pattern……………………………..…………………………………………... 39 
Discussion……………………………………………………………………………. 42 
CHAPTER V SUMMARY…………………………………………………………............. 43 
REFERENCES…….……………………………………………………………………….. 45 
	 v	
LIST OF FIGURES 
                                                                                                    Page 
Figure 1-1 ER organization in plant cells……………………………………...…….. 2 
Figure 1-2 Representations for the general ER structures within plant 
cells...………………………………………………………………............ 4 
Figure 1-3 Hechtian strands, Hechtian reticulum, and cytoskeleton present 
within periplasmic region.………………………….…............................ 6 
Figure 2-1 Illustration of the orientation of the hypocotyl epidermal cell used to 
generate 3D reconstruction……………………………………………… 13 
Figure 2-2 ER shape change during plasmolysis in Nicotiana benthamiana 
hypocotyl cells with ER lumen labeled with 
GFP………………..………………..…………………………….………... 14 
Figure 2-3 3D reconstructions of ER during plasmolysis………………………..… 15 
Figure 2-4 Hechtian strands and reticulum locate differently in periplasmic 
region.……………………………………………………………………… 16 
Figure 2-5 Confocal images of ER and cell wall at different focal 
plane…………………………………………………………..................... 17 
Figure 2-6 2 channel 3D reconstructions of ER and cell wall……………………... 18 
Figure 2-7 3D ER reconstructions in relation to the position of plasma 
membrane…………………………………………………………............ 20 
Figure 2-8 Microtubule behavior during plasmolysis in Arabidopsis hypocotyl 
cells………………………………………………..................................... 22 
Figure 2-9 FRAP analysis of microtubule at different stages of plasmolysis in 
Arabidopsis thaliana………………………...……...……...…………...... 23 
Figure 2-10 FRAP analysis of microtubule at different stages of 
plasmolysis………………………………………………….……………... 24 
Figure 2-11 ER and actin filaments interaction during plasmolysis in Arabidopsis 
thaliana………………………………………….……...…….................... 25 
Figure 2-12 Microtubule and ER behavior during plasmolysis in Arabidopsis 
thaliana………………………………………….……...…….................... 28 
Figure 3-1 Change in amount of persistent ER cisternae and tubules after  
	 vi	
plasmolysis………………………………………………………………… 32 
Figure 3-2 Changes in persistent cisternal area over time as percent of total 
membrane imaged……………………………………...…….................. 33 
Figure 3-3 Relative movement of ER during plasmolysis…………………...…….. 34 
Figure 3-4 Streaming of organelles identified with DIC…………………….…….... 36 
Figure 4-1 FRAP of different regions of the ER lumen GFP……………….……... 41 
 
	 1	
CHAPTER I 
INTRODUCTION 
The classic model of endoplasmic reticulum  
Endoplasmic reticulum (ER), as the largest endomembrane system in eukaryotic cells, 
plays important roles in intracellular material synthesis and distribution. In most types of 
eukaryotic cells, about half of the total area of membrane in a eukaryotic cell consists of 
ER membrane (1). This large membrane surface provides platform for intracellular 
material (like proteins and lipids) synthesis and sorting. In classical descriptions based 
on electron microscopy, ribosomes have been seen attached to the cytosolic surface of 
endoplasmic reticulum, thus the portion of ER that has ribosome attached to it is called 
rough ER. “Rough sheets and smooth tubules” have been described in yeast and 
mammalian cells (2-4). Those two types of ER components have different functions, 
with rough ER (mainly in tubular form) being the regions of co-translational insertion and 
smooth ER (mainly in cisternal form) being sites of lipid biosynthesis.  
However, the underlying function of this amazing network organization in relation to the 
rest of the cell is largely unknown. Recent studies on ER interactions with plasma 
membrane (primarily through membrane contact sites – MCS’s) (5-8) and other 
organelles including mitochondria (9) and chloroplasts (10) indicate novel intra-cellular 
pathways of material transport and signal transduction. Studies regarding ER – 
cytoskeleton interactions indicate potential mechanisms of ER shape and dynamics 
control (11, 12), which may also directly or indirectly influence cytoplasmic streaming 
and luminal protein flow (13). How these interactions relate to the function and shape 
control of the ER remains a largely unanswered question. 
Endoplasmic reticulum structure and its regulation 
In eukaryotes, the endoplasmic reticulum (ER) is a membrane-bound organelle that has 
a finely articulated and highly dynamic polygonal network (Figure 1-1). The basic 
morphological components of ER were described as arrays of tubules and sheet-like 
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cisternae (14), as well as the specifically differentiated subdomains such as the highly 
curved nuclear envelope. Most of the intracellular space is occupied with the central 
vacuole in plants, but even within the narrow space defined by the tonoplast and 
plasma membrane, the majority of the ER is located in the cortical part of the cell 
adjacent to the plasma membrane and cell wall, and is thus called cortical endoplasmic 
reticulum (Figure 1-1 A). There is also abundant internal ER, particularly in secretory 
and tip-growing cells where there is a large separation between the tonoplast and 
plasma membrane. The internal portion of ER ramifies through the cell, often connected 
with other organelles through membrane contact sites (MCSs), and in highly vacuolate 
cells, it can be found within trans-vacuolar strands. This ER network forms a single 
compartment with a continuous intraluminal space contoured by a continuous 
membrane (15).  
 
 
 
 
 
Figure 1-1. ER organization in plant cells. A) 3D reconstructions of ER with GFP 
marked in its lumen in BY2 cells (16). ER tubules, cisternae and nuclear envelope can 
be seen. B) ER of Nicotiana benthamiana seedlings at 8 min in 0.75M D-sorbitol 
hyperosmotic treatment, ER still have fine polygonal organization. D) ER of N. 
benthamiana seedlings at 49 min in 0.75M D-sorbitol hyperosmotic treatment, large 
cisternae appeared (17). C) Largely cisternalized ER in Arabidopsis root meristematic 
cells. E) Tubularized ER in elongated Arabidopsis root epidermal cells (18). 
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Figure 1-1 Continued.  
 
 
 
The diameter of the ER tubules is about 30 nm in yeast and 50 nm in mammals (19), 
and 50-60 nm (20) in plant cells. This is also the luminal thickness of ER cisternae, 
therefore the edges of cisternae have the same level of curvature as ER tubules (19). 
The limits of the ER sheet width may be determined by climp63 in mammalian cells 
(19), but the determinants of cisternal thickness in plants and fungal cells are not 
known. The ER tubule is stabilized, and perhaps generated, through the activities of 
those families of curvature-stabilizing proteins including reticulons and DP1/Yop1p (21-
23), and which are present in both tubule and the high curvature edges of cisternae 
(19). Extreme examples of highly tubular ER can be found in desmotubules formed 
inside the plasmodesmata, which connect plant cells by extending across the cell wall. 
The desmotubule has an even smaller diameter, which is around 15 nm (24).  
The classic model for ER interaction with other membrane-bound organelles (mainly 
Golgi apparatus) is through vesicular trafficking. However more recent studies on ER – 
Golgi tethering interactions indicate direct contact of ER and Golgi apparatus (25). This 
interaction was suggested to be one type of moving force for organelle streaming, and 
was also hypothesized to allow transport of cargo from the ER to Golgi via Golgi 
attached export sites (26). Other studies of ER interaction with highly movable 
organelles such as peroxisomes and mitochondria also support the idea that the 
communication of the ER with other organelles is not restricted to only vesicular 
trafficking (8). For ER interactions with less movable organelles, ER was also observed 
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to form a ring around the cleavage planes of the chloroplast during chloroplast division 
(Griffing, unpublished), and forms a hammock-like nexus that surround the non-dividing 
chloroplast in the plant cell (10). There are also clear close contacts (MCS’s) between 
the ER and plasma membrane in plants (7).These associations with other organelles 
also indicate that it may serve as a potential organizer of smaller organelles (Figure 1-
2). The spatial organization of these other organelles has often been thought to be the 
province of the cytoskeleton. In the experiments described below, we show that there is 
interplay among the ER, the cell wall, and the cytoskeleton in the spatial organization of 
the cell. The process of plasmolysis provides a unique opportunity to observe this 
interplay.   
 
 
 
 
Figure 1-2. Representations for the general ER structures within plant cells. Cortical ER 
with cisternal and tubular network is shown, anchor points to the cell wall and 
interaction with other organelles are described (27).  
 
 
 
Endoplasmic reticulum dynamics 
The ER network is not stationary. Instead it is constantly going through different types of 
movement. Different domains of ER that have different shapes connect to each other 
while constantly undergoing shape change, which is usually called remodeling. 
Together with remodeling there is also translational movement or displacement, which 
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involves both of the membrane and luminal component moving together. Previous 
studies on the ER network in tobacco leaf epidermal cells indicate that ER network does 
not move by global shifting of cisternae or tubular polygons. Instead, the movement is 
achieved through network remodeling (11, 12). Network remodeling involves shape 
changing of tubule and cisternae, usually growing and fusing of tubules and filling or 
fenestration of cisternae (3, 16). All this movement involves ER membrane fusion. 
Proteins like Rab10 (28) have been identified to play important rolls in ER tubule growth 
and fusion in animal cells, and some other ER membrane proteins like RHD3 in 
Arabidopsis thaliana and its functional homolog in mammals, atlastin, and yeast, 
SEY1p, have been implicated in homotypic fusion of ER membrane (29-31).  
Besides remodeling and translational movements, both plant ER membrane and lumen 
proteins are diffusively and, in some cases, advectively flowing. Photo-activation studies 
use ER membrane localized protein calnexin trans-membrane domain fused with photo-
activatable GFP showed that ER membrane proteins are advectively flowing (12, 32). 
Optic-flow based analysis of flow using plant lines with ER lumen labeled with GFP 
indicate that the rapidly moving regions, the fast lanes, of ER have advective flow, and 
this flow is thought to be primarily driven by myosin XI-K (13). The presence of non-
homogeneous advective and diffusional flows in the network, superimposed on the 
remodeling of the network itself presents the challenge of determining what are the 
main contributors to each type of flow, including lumenal and surface (membrane) flow.  
In this study, we map the luminal flows using FRAP and a combination of luminal flow 
and remodeling using simple optic flow analysis in different regions of the ER.   
Plasmolytic dynamics and ER behavior during plasmolysis  
Plasmolysis is a physiological event that occurs in plant cells under severe osmotic 
stress (33). As the plant cell loses turgor pressure in hyperosmotic external solutions, 
water comes out from the cell primarily from inside the vacuole. The protoplast pulls 
away from the inside surface of cell wall and as a result, the volume of protoplast 
shrinks (34). This process is reversible. Once the plant cell is exposed to a hypotonic 
solution, water comes back inside the protoplast and increases its volume until the 
protoplast is fully expanded and abutted against the inner lining of the cell wall.  
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The region where protoplast shrinks away from the cell wall is known as the periplasmic 
space (35). Strand-like structures in the periplasmic space that connect the withdrawn 
protoplast to the cell wall were characterized in 1912 by Hecht (36), and are called 
Hechtian strands. Later studies with DiOC6 staining for fluorescent microscopy and 
phosphotungstic acid (PTA) staining for electron microscopy, Hechtian strands were 
identified as tubule structures with a diameter about 50 nm to 100 nm (Figure 1-3 A) 
(37). The tubules were made of double membrane, with the inner membrane 
hypothesized to be DiOC6-stained ER membrane and outer membrane as 
phosphotungstic acid-stained plasma membrane (37). Besides Hechtian strands, 
another form of tubule network, again hypothesized to contain, but not yet shown to be 
ER, is also present and attached to the inner surface of the cell wall within the 
periplasmic space. It is called the Hechtian reticulum (reticulation) (Figure 1-3 B) (38). 
DiOC6-stained mitochondria were also observed to be in Hechtian strands in some 
occasions (39). Together with the fact that DiOC6 can be a non-specific stain, the 
presence of DiOC6-stained membranes in the Hechtian reticulum or Hechtian strands is 
not an unequivocal demonstration of the presence of ER (40). Some, but not all, of the 
anchoring sites of Hechtian strands on the cell wall were identified as desmotubules in 
plasmodesmata (37).  
 
 
 
  A                                         B                                         C 
 
Figure 1-3. Hechtian strands, Hechtian reticulum, and cytoskeleton present within 
periplasmic region. A) Hechtian strands stained by DiOC6 in onion epidermal cells, bar = 
30 µm (37) B) Hechtian strands (straight) and reticulum (branched) stained by DiOC6 in 
onion epidermal cells, bar = 50 µm (38). C) Immunofluorescence of the microtubule 
cytoskeleton present in the periplasmic region with antibody staining, bar = 20 µm (39).  
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Interestingly, not only are membrane-bound tubular structures present within the 
periplasmic region, but also cytoskeleton is observed there. Curved strands of 
microtubule also remained in the periplasmic region and appeared to be a branching 
network (Figure 1-3 C), with one end appearing to be attached to the protoplast. ER, 
known to be having interactions with cytoskeleton within the cytoplasm (12), may 
change its spatial relationship with cytoskeleton and flow dynamics upon plasmolysis. 
This approach of isolating periplasmic ER may reveal important facts about how ER 
motility, flows, and shape maintenance are linked to cytoskeletal and plasma 
membrane-wall interactions. The persistent association of organelles with the cell wall 
and plasma membrane within the periplasmic region while the protoplast pulls away 
from it may reveal important information about the nature of organelle anchoring to the 
plasma membrane and the cell wall.  
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CHAPTER II 
ER SHAPE AND CYTOSKELETAL ASSOCIATION CHANGE DURING 
PLASMOLYSIS 
Introduction  
In elongating petioles and expanding leaf pavement cells, the dynamics of the ER arise 
through its interaction with actin and myosin (12, 13). The dynamics diminish 
considerably in the presence of latrunculin b, a filamentous actin de-polymerization 
agent. Meanwhile there is a small amount of remaining ER movement that occurs on 
microtubules, presumably through ER membrane anchoring proteins (8, 41). These 
cortical microtubule association regions may also be associated with membrane contact 
sites, since some of the proteins of membrane contact sites are microtubule binding 
proteins (5, 8), however clear evidence for the association of microtubules with 
membrane contact sites is lacking. Earlier work has shown that a microtubule network 
resides in fixed cells within the region where Hechtian reticulum is present, Figure 1-3 C 
(39), but the association with the ER was not determined. Other work indicates that the 
Hechtian reticulum is actin-poor, while the Hechtian strands are actin-rich (35), but 
again, the presence of the ER and its dynamics in this region has not been investigated 
with specific ER markers.  
In this chapter, two of the questions we address are: 1) Does the Hechtian reticulum 
contain ER and branched microtubules in the same region of periplasmic space? And 2) 
Do the ER and microtubules have the kind of branching structure which is different from 
the standard organization of microtubules? If co-localization of the ER and microtubules 
occurs within periplasmic space, this may potentially identify the portion of ER that is 
associated with microtubule. And because of its stationary feature while protoplast pulls 
away and its close affinity toward cortical cell wall, it may reveal mechanisms for cortical 
ER organization at the cell periphery. The formation of Hechtian reticulum and Hechtian 
strands may indicate regions where the ER and the PM are anchored to the cell wall. 
We hypothesize that these anchor sites, or MCS’s (5, 7, 8), generate the less movable 
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part of cortical ER and provide “control points” to maintain the polygonal network 
configuration of the ER (Figure 1-2).  
Here we approach these problems with analysis of the shape changes of ER during 
plasmolysis by using 3D reconstruction based on confocal images of stable transgenic 
plant lines with ER lumen specific label, GFP-HDEL to visualize protoplast ER and 
periplasmic ER within Hechtian strands and reticulum. When examining the 
organization of the cytoskeleton in relation to the ER and its plasma membrane MCS’s 
we used stable transgenic lines double-labeled with mCherry-HDEL and either GFP-
labeled tubulin (GFP-TUA) or YFP-labeled fibrin actin-binding domain (YFP2-FABD). 
Co-localization was analyzed in 2D and using 3D reconstruction. To determine the 
polymerization state and/or presence of movement of the polymers of microtubules 
present in the periplasmic region, fluorescence recovery after photo-bleaching (FRAP) 
analysis was used. Periplasmic microtubules are extensively branched, thereby differing 
considerably from normal cytoplasmic microtubules that are less frequently branched 
(either at the site of new polymerization of microtubules or cleavage of pre-existing 
microtubules).  The dynamics of microtubule may indicate its function, revealing 
whether or not it serves as a track for ER. 
Materials and methods 
1. Transgenic plant growth and plasmolysis experiment 
Plants were cultured in petri dishes that contain half-strength MS media with 1 % (w/v) 
agar, at room temperature in 17.5-hour days. Nicotiana benthamiana and Arabidopsis 
thaliana seedlings between 1 – 2 weeks old were used for live imaging. To obtain z-
stacks for 3D reconstruction that characterizes the shape changes of ER, Nicotiana 
benthamiana line 16c (42, 43) constitutively expresses GFP-HDEL labeling the ER 
lumen was used. 
For the experiments characterizing co-localization of Hechtian strand and reticulum with 
cytoskeleton, transgenic plants constitutively express 35S: YFP-ABD2-YFP (Ex: 514 nm 
Em: 527 nm) labeling Actin microfilaments (courtesy of Elison Blancaflor, Noble 
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Foundation, Ardmore, OK, USA) and GFP-Tua6 (Ex: 488 nm Em: 510 nm) labeled 
alpha tubulin (courtesy of Ueda et al (44)) are transformed with STS-mCherry-HDEL 
(Ex: 587 nm Em: 610 nm) by agrobacterium mediated T-DNA insertion respectively, 
creating ER-Microfilament and ER-Microtubule double labeled lines. Seedlings 
expressing both types of fluorescence were screened and cultured after screening the 
T2 generation of the transformed plants. Individuals expressing strong fluorescence in 
T2 generation were screened right before being imaged for Hechtian strand – 
cytoskeleton co-localization. For microtubule photo-bleaching experiment, both ER-
microtubule double-labeled line and its parent line with GFP-TUA6 labeling were used.  
Plasmolysis experiment was carried out between normal glass slide and coverslip. Plant 
seedlings were mounted in 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer 
(pH 5.8) and imaged for control under non-osmotic shock environment. MES buffer was 
then removed carefully by sticking thin slices of Kimwipes (Kimtech Science, USA) 
between slides and coverslip to absorb the liquid. Plasmolyticum (0.75M sorbitol in 
10mM MES solution, pH 5.8) was then added between slide and coverslip till the 
seedling was fully immersed. Seedlings goes through obvious shrinkage during the first 
15 min of hypertonic solution treatment, which will cause focal plane of interest to get 
out of focus if not adjusted over several minutes. To minimize seedling shrinkage 
derived frame shifting and loss of focus, petri dishes (Fisherbrand, USA) with a 
rectangular opening in the center covered by a rectangular coverslip was used for 
inverted microscope. A seedling is placed on top of the coverslip with another coverslip 
on top of it to create a “sandwich” with the seedling and the plasmolyticum (or buffer for 
control) in the center. This significantly diminished shifting or losing focus and created a 
stable imaging environment.  
2. Fluorescent dye labeling  
For periplasmic region labeling, 2.5 mg/mL Lucifer yellow was included in the 
plasmolyticum. Seedlings expressing GFP-HDEL were treated for 45 min in 0.75 M 
sorbitol solution in 10 mM MES buffer to achieve stable plasmolysis while imaging with 
confocal microscopy for monitoring protoplast withdrawing. Then the same seedling 
was transferred into sorbitol plus 2.5 mg/mL lucifer yellow before putting it back for 
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confocal imaging. Lucifer yellow was excited with the same 488 nm argon laser that 
was used to view ER luminal GFP, and emission light is also collected at the same 
wavelength (Ex: 488 nm Em: 510 nm). The intensity of Lucifer yellow is weaker 
compare to the bright ER network, thus it can stand out from the GFP fluorescence 
within the ER lumen.  
To label the plasma membrane, 20 µM/L FM4-64 dye (Ex: 515 nm Em: 640 nm) was 
included in plasmolyticum during plasmolysis experiments and excited with 543nm 
argon laser. For cell wall labeling, seedlings were soaked in 10µg/mL propidium iodide 
(PI, Ex: 535 nm Em: 617 nm) for 15 min before transfer into plasmolyticum. Nicotiana 
benthamiana seedlings constitutively expressing GFP were imaged with both channels 
for the two types of fluorescence in order to get 3D reconstruction for both ER and 
plasma membrane.  
3. 3D reconstruction  
Fluorescent live images were acquired using Olympus FV1000 laser scanning confocal 
microscope with a NA 1.2 UPLSAPO water immersion 60X objective, and inverted 
Olympus IX81 laser spinning-disc confocal microscope with either 40× (NA 1.3) or 100 
× (NA 1.53) oil immersion objective. Z-stack images for 3D reconstruction were taken 
on Olympus FV1000 laser scanning confocal microscope with a 1.2NA UPLSAPO water 
immersion 60X objective, with a step size of half of the Z-resolution. Pixel size was 
adjusted to fit the Nyquist criterion and pixel dwell time was adjusted to maximize 
fluorescence while maintaining fast scanning speed. 3D images were generated using 
surface rendering with the ImageJ 3D viewer pluggin in ImageJ (45) and the open 
source software package, Visualization Tool Kit (VTK) (46) as described in Enloe and 
Griffing, (2000) (47). Images of 3D reconstructed structures were later exported as tiff 
files and edited in Adobe illustrator (48) for labeling and annotation.  
4. Fluorescence recovery after photo-bleaching (FRAP) analysis  
Photobleaching of microtubule during plasmolysis was carried out in Olympus FV1000 
laser scanning confocal microscope by using a 405 nm diode laser that was set to 
	 12	
100% transmission. A 20-frame (53X53 µm2, 200X200 pixel2) video was taken for each 
bleaching event, with a frame interval 0.8 seconds. Bleach start after recording first 5 
frames in a circular inset (diameter about 20 pixel) ROI, lasting total 368.64 ms. For 
FRAP analysis, all frames of the videos were acquired as 16-bit gray-scale images. 
Each analyzed video was first processed with Image stabilizer plugin of ImageJ (49). A 
polygon that selected only the cell being bleached is created manually and added to 
ROI manager to be used for normalization. FRAP analysis was then carried out using 
FRAP profiler final plugin in (50). Recovery halftime and percent (%) mobility was 
collected from each image and used for statistical analysis. Statistical analysis was 
carried out using JMP software. Both recovery halftime and percent mobility from each 
microtubule component (polymerized microtubule in normal cytoplasm, depolymerized 
microtubule in protoplast and microtubule component in Hechtian reticulum) are first 
compared by one-way ANOVA analysis, then compared by pairs using Tukey-Kramer 
HSD analysis. For both analyses the confidence level is 95% (p<0.05).  
Results 
1. Protoplast ER becomes more cisternalized during plasmolysis and recovery 
In order to observe the morphological change of endoplasmic reticulum during 
plasmolysis, intact seedlings of ER-HDEL labeled N. benthamina were used for 
confocal live imaging. Cortical ER of a single hypocotyl cell (approximately the fifth cell 
from root-shoot junction along the stem) was used for all the experiments (Figure 2-1, 
dark green facet on the surface of the cell (right panel) represents the cortical cell wall). 
Obvious shrinking of the entire seedling was seen within a few minutes of 
plasmolyticum addition and became more stable after obvious plasmolysis started to 
happen. Before the protoplasts started to retract from the cell wall, cells seem to be 
“flattened” because of the loss of turgor pressure (Figure 2-2 C and 2-3).  
ER within the protoplasts continued to cisternalize as the plasmolysis went on.  As seen 
in Figure 2-2 A, control cells have fine cortical ER network with thin tubules articulate 
with each other, few cisternae are seen at some of the tubule junctions. Distinct 
Hechtian strands and reticulum formations were usually seen after 45 min of 
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plasmolyticum treatment (Figure 2-2 C), what accompanies it is increasing 
cisternalization. While in Figure 2-2 B, when the plant cell regains turgor following 
plasmolysis, some of the mesh seemed to fuse together to form more cisternae. This 
recovery period is defined as the first 20min after seedling was removed from 
plasmolyticum and placed back into hypotonic MES buffer. During this period cytoplasm 
just recovers to fill the entire space outlined by the cell wall, but the cell is still busy 
working on regaining turgor. Tubules were shorter and thicker and seemed to have less 
space between each other, which can be analyzed with mesh size calculations in future 
studies. Plasmolysis was usually seen after 30 min of plasmolyticum addition.  
 
 
 
 
Figure 2-1. Illustration of the orientation of the hypocotyl epidermal cell used to generate 
3D reconstruction. The face-on view toward the apical sidewall of the epidermal cell is 
described as 0°.  
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A                                                        C 
 
 
 
B 
 
 
 
Figure 2-2. ER shape change during plasmolysis in Nicotiana benthamiana hypocotyl 
cells with ER lumen labeled with GFP. N = nucleus. A) 3D reconstruction of ER in 
control cells. Orange lines indicate cell wall. Bar = 6µm*6µm*15µm. B) 3D 
reconstruction of ER during the recovery after plasmolysis. Bar = 6µm*6µm*6µm. C) 3D 
reconstruction of ER during plasmolysis. Yellow line indicates the boarder of 
protoplasts. Within periplasmic region Hechtian strands (HS) and Hechtian reticulum 
(HR) can be seen. Bar = 6µm*6µm*5.7µm.  
 
 
2. Hechtian strands and Hechtian reticulum form within the periplasmic region 
As hypothesized by Oparka et al (1994) (37), based on ultrastructural analysis and 
DiOC6 staining, ER is present in Hechtian strands, which have a concentric tubule 
structure with ER as the center and plasma membrane as the outer tubule. We 
confirmed this by using Nicotiana benthamiana with ER lumen labeled with GFP in 
fluorescent live imaging. Hechtian strands and reticulum showed continuous green 
fluorescent labeling extended from the bulk of ER within protoplasts. (Figure 2-2 C and 
2-3). Interestingly, 3D-reconstruction shows the Hechtian strands and Hechtian 
reticulum have not only different branching patterns, but also different spatial 
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arrangements within the periplasmic region.  In earlier studies, Hechtian reticulum 
appears to be tightly associated with the cell wall while Hechtian strands seems to be 
linked between protoplast and the Hechtian reticulum in T. virginiana leaf epidermal 
cells (51). The arrangements are confirmed by 3D analysis.  
 
 
 
Figure 2-3. 3D reconstructions of ER during plasmolysis. Yellow lines indicate the 
borader of withdrawing protoplasts. Representations of Hechtian strands and Hechtian 
reticulum are indicated by magenta and blue lines respectively. Bar = 6µm*6µm*5.7µm. 
Purple rectangle indicates a specific region where Hechtian strands and reticulum form, 
with the 3D reconstructions of ER in that specific periplasmic region at the bottom 
panel. Small inset of each frame indicate the angle of view toward the apical surface of 
the hypocotyl cell sidewalls. 
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The organization of ER-containing Hechtian reticulum and strands can be more clearly 
distinguished using 3D reconstructions. During plasmolysis, both Hechtian strands and 
Hechtian reticulum are continuous with the ER present in the withdrawing protoplasts 
(Figure 2-3). Hechtian reticulum, which has a more curved and branched tubular shape, 
resides in the vicinity of the inner side of the cortical cell wall, anchored either to the cell 
wall or some other scaffold structure (i.e. cytoskeleton, especially microtubule, 
discussed later) which keeps the structure stable. Meanwhile Hechtian strands reside 
deeper in the periplasm, forming a straight, bridge-like link between the protoplast and 
the cell wall (Figure 2-3).  
 
 
 
 
Figure 2-4. Hechtian strands and reticulum locate differently in periplasmic region. 
Seedlings expressing GFP-HDEL were treated for 45 min with 0.75M sorbitol then 
incubated in sorbitol + 2.5mg/mL lucifer yellow. Each frame in the montage is the z-
projection (Sum slides in imageJ z-project) of 4 adjacent focal planes. Step size of the 
z-stack is 0.53 µm, so each of the images in the montage is the z-project of a 2.12 µm 
thick volume in the cell. Slice number indicated at bottom right of each frame. HS = 
Hechtian strands and HR = Hechtian reticulum respectively. Images are pseudo-colored 
with LUT = Orange hot in imageJ. Scale bar = 10 µm. Periplasmic spaces are indicated 
by the relatively low-intensity yellow regions outside the protoplasts.  
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During plasmolysis, the total volume of the protoplast becomes smaller, as revealed by 
the filling of the periplasmic space with the wall-permeant fluorescent probe, lucifer 
yellow. A Z-stack image series was taken from the peripheral to the center of the 
hypocotyl cell, and every 4 slices (0.53 µm per slice) were stacked (added) together 
(Figure 2-4, left to right with left corresponding to the cortical region and right to the 
center of the cell). The regions where protoplasts have withdrawn away from the wall 
have diffuse fluorescence from Lucifer yellow are periplasmic. An altered network of 
GFP-HDEL-labeled ER tubules is adjacent to the cell wall (Figure 2-4, sections 1-4, 
within the first 2.12 µm from the cortical region) and corresponds to the Hechtian 
reticulum (HR). As the cell is more deeply optically sectioned, tubules marked by the 
GFP-HDEL ER label occur in the periplasmic space and correspond to the Hechtian 
strands (HS, Figure 2-4, sections 9-12 and 13-16, 4.24 µm to 8.48 µm from the cortical 
surface). This result further confirms the organization difference between Hechtian 
strands and reticulum.  
                 
           
               A 
  
Figure 2-5. Confocal images of ER (green) and propidium iodide (PI, magenta) labeled 
cell wall at different focal planes. A. ER and cell wall in a control cell. Left 3 images 
show the focal plane at the cortical ER region. Right 3 images show a focal plane in the 
middle section of that cell, where ER transvacuolar strands can be seen. B. ER and cell 
wall in a plasmolyzed cell. Right 3 images show a focal plane in the middle section of 
the same cell. N = nucleus.  
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             B 
  
Figure 2-5 Continued.  
 
 
 
 
Figure 2-6. 2 channel 3D reconstructions of ER (green) and cell wall (magenta) in 
control (left 2 images) and plasmolyzed cells (right 2 images). Scale bar 
4µm*4µm*10.6µm for control, 4µm*4µm*14.31µm for plasmolysis. 
 
 
2-channel 3D reconstruction of the GFP-HDEL ER label and propidium iodide cell wall 
label also supports the results above. In Figure 2-5 and 2-6, the relationships between 
the cortical ER, Hechtian reticulum and cell wall are shown. In a normal N. benthamiana 
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hypocotyl cell, the cortical ER network is in very close proximity to the cell wall (within 
500 nm, the axial resolution limit of the confocal microscope, Figure 2-5 A and 2-6). The 
ER networks, altered in form and becoming the Hechtian reticulum, remain in the close 
proximity in plasmolyzed cells, after protoplast pulls away (Figure 2-5 B and 2-6). Note 
that from 0° view (face-on view) (last panel of figure 2-6) part of the ER (green) 
appeared to be outside of the cell wall, this is caused by the strong ER signal occuring 
within the same 500 nm optical section at the same time with the relatively weak cell 
wall signal. This is because when focal plane approaches cell wall the out-of-focus light 
from ER is strong enough to show up in the plane where only cell wall localizes.  
3. Plasma membrane behavior within the periplasmic region  
The formation of the Hechtian strands and Hechtian reticulum occurs in regions of both 
concave plasmolysis (Figure 2-7 A) and convex plasmolysis (Figures 2-7 B). Convex 
plasmolysis, where the protoplast forms a convex structure, often forms at the cell’s 
apex, while concave plasmolysis often occurs along the side of the cell. In an effort to 
see the plasma membrane covering the ER tubules in Hechtian strands and reticulum, 
cells were labeled with the plasma membrane and endosome dye, FM4-64 and 
analyzed by 2-channel 3D reconstruction. Note that the FM4-64 label is relatively weak 
compared to the ER label, and the optical section captures the PM, it also captures 
some out-of-focus light from the ER in Figure 2-7.  
Surprisingly, plasma membrane was shown to cover the entire cortical surface of the 
epidermal cell in N. benthamiana hypocotyl regardless of the fact that protoplast is 
withdrawing beneath it (Figure 2-7). While at the border of the withdrawing protoplast, 
plasma membrane still forms a dome that covers the anticlinal facet of the protoplast. 
This is observed in both concave (Figure 2-7 A) and convex (Figure 2-7 B) plasmolysis, 
indicating that plasma membrane still withdraws from the anticlinal and distal cell wall. 
Limited by the resolution of confocal fluorescent microscopy, we cannot resolve the 
detailed position difference between the ER and plasma membrane, but the 3D 
reconstruction results indicate that plasma membrane may be folding in underneath the 
Hechtian reticulum, forming a thin plasma membrane – enclosed chamber holding the 
ER inside in close proximity to the cortical cell wall.  
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Figure 2-7. 3D ER reconstructions in relation to the position of plasma membrane (PM) 
in N. benthamiana hypocotyl cells with ER lumen labeled with GFP. A) 2-channel 3D 
reconstructions of ER (green) and plasma membrane labeled with 20 µM/L FM4-64 
(red). Bar = 6µm*6µm*15.3µm. Concave plasmolysis is shown. B) 2-channel 3D 
reconstructions of ER (green) and plasma membrane (red) showing convex 
plasmolysis. Bar = 6µm*6µm*12µm. Yellow lines indicate the withdrawing protoplast 
border, blue lines indicate cell wall border. 
 
 
4. Cytoskeletal association behavior of ER during plasmolysis  
As described in Lang-Pauluzzi et al 2000, microtubules were present in Hechtian 
reticulum. The shape of microtubule shown in periplasmic region was a reminiscent of 
the ER fluorescence that we have seen in Hechtian reticulum. To study if the ER has 
any spatial interactions with the microtubule cytoskeleton during the formation of 
Hechtian strands and reticulum, we created Arabidopsis lines with ER-microtubule 
double labeling. The double-labeled lines were plasmolyzed and confocal Z-stack 
images were taken in both fluorescent channels for 3D reconstructions. 3D 
reconstruction of the two channels shows that the ER and microtubule labels co-localize 
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in Hechtian reticulum (Figure 2-8). The ER strands seem to be tracking on 
microtubules, since at the end of each branches of the Hechtian reticulum, microtubules 
are seen without the ER. Note that, depending on the fluorescent signal strength, in 
some branches the ER appears to be covering microtubule that is co-localized with it. 
But if we look into the original confocal images in Figure 2-8 A, we can confirm the 
presence of continuous microtubule strand within that region.  
According to the 3D reconstructions shown in Figure 2-8, microtubules co-localize with 
ER in the Hechtian reticulum and at the same time, they have a more curved form with 
more branches (Figure 2-9 A right panel) that is different from normally polymerized 
microtubules (Figure 2-9 A left panel). Meanwhile within the protoplast, polymerized 
microtubules shift into a more horizontal orientation as described in earlier work (39). 
Within the protoplast a milky background fluorescence is also observed (Figure 2-9 A 
middle panel), which indicates partial de-polymerization of microtubules within the 
protoplast. In order to gain insight into the organization and dynamics of these 
microtubule components (Figure 2-9 A), we photobleached each of them and compared 
their FRAP profile.  
FRAP analysis shows that the recovery half time of polymerized microtubules in control 
plants has a significantly faster recovery half time when compared to the plasmolyzed 
protoplast and the Hechtian reticulum (Figure 2-9). However, given that the total extent 
of recovery is so low due to treadmilling of the microtubules (see below), this is probably 
due to a low level of diffusing unpolymerized tubulin.  
The percent mobility of the control is consistent with polymerized cortical microtubules 
treadmilling (52), producing very low recovery (37.59%) following photobleaching. 
Microtubule photobleaching recovery is significantly different from control in the 
Hechtian reticulum where it is the lowest (25.69%). This could either indicate that it is 
also in polymerized form, but unmoving, or that it is in a non-motile form that is 
somehow attached to membrane. The fact that the small pool of mobile tubule does 
recover at a slow rate may indicate a small fraction of moving polymerized tubulin, or a 
small fraction of tubulin that is moving, but is hindered within the folded-back plasma 
membrane and ER tubule of the Hechtian reticulum. The highest mobile fraction of 
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tubulin is in the protoplast (77.29%). This supports our earlier suggestion that the milky 
background in the protoplast is depolymerized free-diffusive tubulin.   
 
 
 
                        A 
   
 
                        B 
 
 
Figure 2-8. Microtubule behavior during plasmolysis in Arabidopsis hypocotyl cells with 
ER lumen labeled by mCherry-HDEL and microtubule labeled by TUA-GFP. A) 2-
channel confocal images of a plasmolyzed cell with ER (red) and microtubule (green). 
B) 2-channel 3D reconstruction of ER and microtubule in Hechtian reticulum to show 
their co-localization. Transparency of microtubule was adjusted to 50% in order to avoid 
blocking the thin ER strands that co-localized with it. Bar = 7µm*7µm*10.6µm.  
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Figure 2-9. FRAP analysis of microtubule at different stages of plasmolysis in 
Arabidopsis thaliana. A) Representative regions of microtubules studies in FRAP 
analysis. Orange circle indicate photo-bleached area. B) Representative region FRAP 
normalized intensity (blue) and single exponential fitted recovery curve (red) of the three 
regions corresponding to A. 
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Figure 2-10. FRAP analysis of microtubule at different stages of plasmolysis. Three 
different types of microtubule components are shown in horizontal axis: normal 
microtubule strands in control cells, depolymerized microtubule in protoplast during 
plasmolysis and microtubule presented in Hechtian reticulum. Primary vertical axis (left) 
shows recovery half time, numbers of circles above the bars indicate significantly 
different groups (p<0.05), N = 38, 49, 55 respectively. Secondary vertical axis (right) 
shows the percent mobility, numbers of asterisks above the bars indicate significantly 
different groups (p<0.05), N = 38, 49. 57 respectively. Bars: averages. Error bars: 
standard deviation. 
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Figure 2-11. ER and actin filaments interaction during plasmolysis in Arabidopsis 
thaliana. 2-channel confocal images of Arabidopsis hypocotyl cells with ER labeled by 
mCherry-HDEL (red) and actin filaments labeled with YFP-ABD2 (green). A) ER tracks 
on actin within the protoplast during plasmolysis. B) Actin doesn’t show up in the 
majority part of the Hechtian reticulum (white squares) but shows up in a few bigger 
strands (blue arrows). C) Actin forms a big strand within the periplasmic region but is 
excluded in the fine network of Hechtian reticulum.  
 
 
As described in Lang-Pauluzzi et al. (39) and Lang et al. (35), both actin microfilaments 
and microtubules were present in the Hechtian strands, but the appearance of actin in 
the Hechtian reticulum is more obscure. Figure 2-11 A shows that ER remained tracking 
on actin cytoskeleton in the protoplast, just as in normal plant cells (16). In Figure 2-11 
C, bundles of actin filaments extended from the protoplast, which corresponds with the 
shape and position of Hechtian strands. However, there is very limited presence of 
discernable actin filaments in the vicinity of cortical cell wall where Hechtian reticulum 
localizes (Figure 2-11 B and C). This is in contrast with the presence of microtubules in 
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the Hechtian reticulum, as seen in plasmolyzed cells that are dual-labeled with 
mCherry-HDEL and GFP-TUA6 (Figure 2-8). 
Discussion 
Our data with seedlings that have ER lumen labeled with GFP and plasma membrane 
labeled with FM-464 dye show that the region where Hechtian reticulum formed is 
covered by plasma membrane. Although in our living samples the detailed relationship 
between the plasma membrane and ER strands within that area is not resolved, this 
can still be resolved with ultrastructural analysis, e.g., FIB-SEM (53, 54). The fact that 
protoplast is pulling away from the anticlinal and distal facets of the cell leaving a thin 
layer of cytoplasmic components attaching to the inner surface of the cortical cell wall is 
quite intriguing. The places where Hechtian reticulum forms may be the potential ER-
PM-CW 3-way anchor sites. These anchor sites may play important roles in ER shape 
and dynamic controls that are also discussed later in Chapter III. Researchers that 
reported cells lacking Hechtian reticulum formation either through RGD peptide 
treatment or mutations in NDR1 proteins (55, 56) suggested potential candidates for 
identifying these 3-way anchor sites. These anchor points seems to be only present on 
the outer and inner periclinal cell walls of the epidermal cell on the hypocotyl, as it is 
shown in Figure 2-12 A and B. This organization may indicate important orientation 
information on the polarity of epidermal cells in higher plants. The formation of Hechtian 
reticulum covered by an intact sheet of plasma membrane indicated no dissociation of 
the cytoplasmic component and the cell wall. In contrast, on the anticlinal and distal 
walls anchor points of Hechtian strands appear after protoplast pulls away, some but 
not all of them were identified as plasmodesmata (37). Plasmodesmata are known for 
connection between plant cells, thus spreading of macromolecules and infection from 
cell to cell is made possible through them (57, 58). If plasmodesmata are only formed 
on the wall where protoplasts withdraw, this might indicate a special plant supracellular 
organization where by the outer and inner periclinal wall limit the spread of pathogens 
such as viruses.  
The co-localization of the ER and cytoskeleton in the periplasmic region may suggest 
the mechanism of how ER tracking along microtubule and actin cytoskeleton 
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differentially. According to our results Hechtian reticulum ER is exclusively co-localized 
with microtubule while within the protoplast they still maintained their association with 
actin. Since plasmolysis is a reversible process, in this case it can serve as a tool to 
isolate the portion of ER which only tracks on microtubules. In future studies, altering 
Hechtian reticulum microtubules by oryzalin treatment may reveal mechanisms for ER 
tracking on microtubules. Hechtian-reticulum microtubules show a different FRAP 
pattern compared to polymerized microtubule FRAP, which indicates a different 
organization of microtubules. If the depolymerization agent oryzalin promotes a diffusive 
FRAP pattern in Hechtian reticulum microtubules, then it is likely that Hechtian reticulum 
microtubules are organized in a novel polymerized state. This state can be confirmed 
with electron microscopy. The potential mechanism for the formation of this specific 
form of microtubule is likely to involve association with the plasma membrane. 
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Figure 2-12. Microtubule and ER behavior during plasmolysis in Arabidopsis thaliana 
hypocotyl cells with ER lumen labeled by mCherry-HDEL and microtubules labeled by 
GFP-TUA6. A) 3D reconstruction of ER and microtubule in different focal planes. Left 3 
panels are the whole cell reconstructions, 4th panel is the outer periclinal section of the 
same epidermal cell, 5th panel is the inner periclinal section of the same epidermal cell. 
B) Confocal images of the same cell used in A at different focal planes.  
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CHAPTER III 
PLASMOLYSIS ER DYNAMICS AND ITS INFLUENCE ON CYTOPLASMIC 
STREAMING 
Introduction  
Although the basic structural components are present in most cell types in eukaryotes, 
the organization of the ER differs depending on the cell type and its stage of 
development. ER morphology and dynamics change not only with development (for 
example as cells elongate), but also under abiotic and biotic stress (8). Previous studies 
in our lab on ER morphology under osmotic stress indicate that in N. benthamiana 
hypocotyl cells, ER becomes more cisternalized after seedlings are exposed to 
hyperosmotic solutions (Figure 1-1 B and D) (17). Studies on ER morphology in shorter, 
meristematic cells and fully elongated cells in Arabidopsis root showed that in more 
elongated cells the ER is more tubular (Figure 1-1 C and E) (18). Interestingly, as the 
protoplast shrinks in size, the cisternalized ER (Figure 1-1 D) phenotype is a 
reminiscent of ER in shorter cotyledon cells (Figure 1-1 C) (18, 59). This raises the 
question of whether the ER senses the length of the cell (or protoplast in the case of 
plasmolysis). Becasue plasmolysis is a reversible physiological event, it becomes a 
valuable tool for us to manipulate the protoplast size, as well as the organization of ER 
and to study the changes of ER shape. A change of maximal ER streaming rate 
accompanies its shape change as the cell elongates. Using Kbi optic – flow analysis, 
researchers were able to identify the difference in ER streaming rate in “fast lanes” at 
different stages of plant development. In 3-day-old Arabidopsis cotyledon cells, ER 
streaming rate is significantly lower (0.5 µm/s) than that of 12 day old seedlings (1.5 
µm/s) (59). Similar types of decrease in ER dynamics may occur correspondingly as the 
ER becomes more cisternalized in shrunken protoplasts. But again, Kbi optic – flow 
analysis based on tracking the GFP movement within the ER lumen did not separate 
translational movement, ER remodeling and the luminal flow of ER proteins. Also, those 
analyses were done within the part of ER network known as “fast lanes”, where rates of 
remodeling are remarkably higher than that from the “slow lanes”. To study whether the 
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remodeling of ER tubules and cisternae changes as the protoplast shrinks in size, 
morphological image processing was used to determine the size of the tubules and 
cisternae and persistency mapping was used to quantify the persistency of these two 
types of ER elements. Using a persistency mapping macro in ImageJ, we are able to 
separate the displacement or translation events in the remodeling of the ER from the 
flow that occurs within the tubules and cisternae (11, 12). While persistency mapping 
gives us the persistency of either tubules or cisternae, a pixel-based optic flow analysis 
allows us to measure the total movement of ER. The relative movement of ER will be 
calculated by dividing the area of the total moving parts of ER by the total membrane 
area. Our pixel-based optic flow analysis only analyzes the total movement of the entire 
ER network. Within the total movement, the component of luminal flow is, however, 
expected to be low because the ER lumen marked with GFP is homogenously 
fluorescent. Thus our method mainly stands for the movement created by ER 
remodeling and translation. 
ER was speculated as one of the potential driving forces of cytoplasmic streaming (60). 
If the movement of ER goes down during plasmolysis, we expect to see the streaming 
of other membranebound organelles to decrease correspondingly. Lipid bodies are 
minute membrane-bound organelles that range in size from about 0.5 to 2.5 µm, and 
which are pinched off from the endoplasmic reticulum (61). Lipid bodies can be 
identified in DIC images by their diameter, circular shape, and high level of refraction. 
Here we use lipid bodies as an indicator of cytoplasmic streaming to study whether 
cytoplasmic streaming changes corresponding to changes in ER shape and dynamics 
during plasmolysis.  
Materials and methods 
Time-lapse images for persistency mapping were acquired using an Olympus FV1000 
confocal microscope with a 1.2NA UPLSAPO water immersion 60X objective. Argon ion 
laser line with excitation wavelength 488 nm was used to excite GFP-labeled ER lumen, 
emission was set to 510 nm. A 70-frame time-lapse movie with frame interval 0.32s is 
acquired for each cell-of-interests, and the first 50 frames of it are used for persistency 
mapping. Seedlings were kept stable during the period of time-lapse image recording to 
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eliminate frame shift. Persistency mapping was carried out using a home-developed 
macro in imageJ, as described in Sparkes et al 2009 (12).  
The related movement of ER is calculated by dividing the integrated density of the total 
moving parts of ER with the total membrane area. Total moving parts of the ER is 
calculated by Z-project all the images we got from subtracting each frame of the time-
lapse video by the fifth frame after it, and then measure the integrated density of the Z-
project image. Total membrane area is calculated by Z-project every frame of the 
original video, convert it into 8-bit image, threshold between (25, 255), and run Analyze 
particles with size = 0-Infinity and circularity = 0.00-1.00. The value of total membrane 
area is the sum of all the particle areas.  
Organelle streaming was carried out on the 13th to 40th slides (the portion after 
finishing bleaching) of the ER luminla GFP FRAP video in Nicotiana benthamiana that 
will be discussed later. A substack of the 13th to 40th slides was first generated, the 
lipid bodies that moved out of the field of view during the time spam of these 28 slides 
are excluded, among the rest the two fasted moving lipid bodies was chosen and 
tracked manually by using Manual Tracking plugin in ImageJ software (62). Each 
instant velocity calculated based on the displacement between two adjacent slides are 
recorded by the plugin, they are then averaged in Microsoft Excel and the averages 
were pooled to calculate average and conduct statistical analysis. Statistical analysis 
was done using student t-test in Microsoft Excel.  
Results  
1. Protoplast ER become persistently cisternalized during plasmolysis  
In an effort to quantify the changes of ER cisternae and tubule area that we have seen 
in Figure 2-1, persistency mapping was used to isolate and quantify those two parts. At 
different stages of plasmolysis, persistency maps were generated to calculate the ratio 
of persistent membrane to the total membrane area (12). Both persistent cisternae 
(Figure 3-1 B) and persistent tubules (Figure 3-1 C) were isolated by thresholding the 
objects that has the intensity between 0-180 grey level out of the inverted 8-bit 
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persistency map (0-255, z-projection of a 45-slice binary stack), which equals to the ER 
component that has been localized persistently in the same spot for 11.2 seconds (35 
frames with 0.32 s frame interval) within the time-lapse video.  
 
 
 
  D                                                                     E 
 
Figure 3-1. Change in amount of persistent ER cisternae and tubules after plasmolysis 
in N. benthamiana seedlings with ER lumen labeled with GFP-HDEL. A - C) Z-
projection and persistency map based on confocal fluorescent time-lapse movie taken 
at different time points. Numbers on each column indicate minutes after starting 
treatment with 0.75 M sorbitol, the plasmolyticum. Recovery is within 20 min of sorbitol 
wash-out. Blue arrows indicate where protoplast withdrew from the cell wall. Darker 
colors indicate more persistent parts of ER. A) Z-projection of the stack inverted to show 
the general structure of ER in black. B) Persistency map of ER tubule. C) Persistency 
map of ER cisternae. D) Cisternae persistency in three different representative cells 
(indicated by different colors and symbols) over the times indicated after treatment with 
sorbitol, and E) Tubule persistency in the same three cells.  
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Figure 3-2. Changes in persistent cisternal area over time as percent of total membrane 
imaged. 3 time points were chosen for comparison: control (before treatment), 
plasmolysis (after 48 min of treatment) and during recovery. Different numbers of 
asterisks indicate significant difference with p<0.05. Bars: averages. Error bars: 
standard deviation, N = 10 cells. 
 
Among those persistent structures, individuals with a membrane area >0.3 µm2 were 
measured. Persistent cisternae area increased over the time course of the osmotic 
treatment. As seen in Figure 3-1 C there are growing areas of darker cisternae, and in 
Figure 3-1 D, the area trendlines are increasing. In contrast, the persistent tubule area 
remained relatively constant (Figure 3-1 B and E). Significant differences (Figure 3-2) in 
the area of equally persistent cisternae exist between cells prior to plasmolysis, after 
plasmolysis  (time points taken at after 45 min hyperosmotic treatment) and during the 
first 20 min of recovery from plasmolysis, i.e., deplasmolyzed cells. The increase in 
persistent cisternae is probably a combination of both a decrease in the movement 
(translational and remodeling) of cisternae (Figure 3-3), as well as an increase in the 
amount of membrane in cisternae.  
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Figure 3-3. Relative movement of ER during plasmolysis in Nicotiana benthamiana 
seedlings with ER lumen labeled with GFP. A) Movement of ER analyzed with pixel-
based optic flow in three separate representative cells indicated by different colors and 
symbols. B) Statistical analysis of movement of ER before and after plasmolysis and 
during recovery (N = 10). Bars indicate averages and error bars represent standard 
deviation. Different numbers of asterisks above each group indicate that all of the 
treatments are significantly different (p<0.05).  
 
 
	 35	
2. Total movement of protoplast ER diminishes during plasmolysis 
The relative movement of the entire protoplast ER membrane is calculated from the 
difference in pixel intensities that occurs between every five frames (1.6 seconds). 
Those that moved the most show the highest values and when the integrated intensity 
of the difference frame is calculated, it provides a pixel-based optic flow measurement 
of the translational movement of the ER cisternae and tubules. During the plasmolysis, 
the relative movement of the total protoplast ER diminishes (Figure 3-3 A). There is a 
significant difference between the amount of relative movement of the ER in control and 
plasmolyzed cells (48 min after treatment starts) (Figure 3-3 B). This decreased 
movement corresponds to increased persistent cisternalization (Figure 3-1, 3-2). There 
is an even further reduction of ER movement in the first 20 min of recovery when plants 
were transferred back into pH 5.8 MES buffer (Figure 3-3 B), which accompanied higher 
degrees of cisternalization (Figure 3-1, 3-2).  
3. Streaming of lipid bodies slows down is correlated with changes in ER movement 
and cisternalization 
As the protoplast shrinks during plasmolysis, the total ER movement diminishes while 
the area of persistent cisternae increases. Highly refractile with 1-2 micrometer 
diameter organelles, putatively the lipid bodies, were observed with differential 
interference contrast microscopy (DIC) during the time course of plasmolysis 
experiments. They were used to measure streaming within the cytoplasm. The results 
show that these organelles also have significantly slower rates of movement upon 
plasmolysis (Figure 3-4). There is a possibility that this is simply the result of artificially 
diminishing the cell size and that streaming rates correlate with cell size (59, 63). 
However, within the first 20 min of recovery during de-plasmolysis, when the cell 
resumes its previous size, the streaming rates remain low (Figure 3-4). This doesn’t 
support the correspondence between cell size and cytoplasmic streaming but it 
corresponds to the decreased movement rates of the highly cisternalized ER under 
different conditions (11, 59) (Figure 3-3).  
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Figure 3-4. Streaming of organelles identified with differential interference contrast 
microscopy (DIC) in the same cells analyzed for ER luminal flow (Figure 4-1). A) Lipid 
body identified in DIC images. B) Lipid body streaming rate change at different stages 
of plasmolysis. Asterisks indicate that after 40 min and during recovery from 
plasmolysis, organelle streaming is significantly (p<0.05) diminished. Bars represent 
averages and error bars represent standard deviation. N = 40 for each group.  
 
 
Discussion 
Upon plasmolysis and deplasmolysis, there is increased cisternal area and persistency 
of cisternal ER which is correlated with less movement (cytoplasmic streaming and ER 
remodeling). This brings up the question of whether the shape of ER influences its 
mobility and the mobility of other organelles. Interestingly, under other conditions in 
Arabidopsis the same kind of correlation also exists. First, there is a relationship 
between the functional absence of those myosin motors that drive streaming and 
increased cisternalization and decreased ER movement (11). Second, mutation of ER 
membrane protein RHD3 also cause the cisternalization of ER, together with more 
cisternalized ER in younger cotyledon cells, all displayed slower cytoplasmic streaming. 
A model that is consistent with these observations is that plasmolysis affects the ability 
of the ER to interact with the actin cytoskeleton and engage in movement via certain 
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myosins. Analysis of the movement of the ER during normal development, and the 
involvement of different myosins and other proteins that interact with both the ER and 
actin, in that movement may allow us to uncover the basic regulators behind this 
process.   
One such process that controls ER remodeling may be the ability of the ER to undergo 
homotypic fusion. Proteins homologs that mediate ER membrane homotypic fusion 
have been identified in various different species in recent studies (29-31). Among them, 
ER membrane protein RHD3 has been shown to alter the shape of ER into a more 
cisternalized state (59). Other proteins like Rab10 are identified to facilitate the 
elongation of new ER tubules (28). The remodeling of ER membrane shape may be 
involved in these processes that modify the organization of the membrane. If the 
changes in expression level and dynamic behavior of those proteins correspond with 
the altered ER shapes in the developing cell, new lessons could be learnt in how 
homotypic fusion mediates the remodeling of ER.   
  
	 38	
CHAPTER IV 
CHANGES IN PROTEIN MOVEMENT WITHIN THE ER LUMEN 
Introduction  
In earlier studies on ER luminal protein streaming, the translational movement of the ER 
and the movement of material within the network are not separated, but analyzed 
together, using an optic – flow method (KBI flow, an ImageJ plugin). These analyses 
are thresholded to only include the “fast lanes” of ER – regions of the cortical cytoplasm 
where the ER is not organized in polygons, but as streaming interconnected tubules 
(13, 59). Results of those studies have shown that the ER fast lanes have directional 
flow. With ER lumen marked with GFP-HDEL, optic flow analysis showed that the fast 
lane of ER strands have a maximum speed of 1.35 µm/sec in Arabidopsis cotyledon 
petiole cells (13). Studies using photoactivable GFP-calnexin trans-membrane domain 
fusion protein as ER membrane marker also showed evidence for directional flow of ER 
membrane (32). Nevertheless, these studies did not differentiate between the flow of 
either membrane or luminal ER protein within a relatively stable frame of ER and the 
translational movement of the ER.  
On the other hand, whether the luminal flow or the surface flow of the ER is influenced 
by the shape of the ER surrounding membrane (tubule or cisternae) and the level of 
dynamics (constantly remodeling or stable) or not remains a question to be answered. 
In animal studies, the 3D organization of the ER network has been shown to change the 
rate of diffusion of ER luminal proteins (64). As the ER cisternae becomes bigger and 
tubules appear to be thicker (Figure 2-2) while the dynamics of ER diminishes during 
plasmolysis (Figure 3-2, 3-3), and newly formed thin ER tubules appear within Hechtian 
reticulum and strands, it becomes of interest to see whether the protein flow changes 
within the ER lumen. Thus in our studies, we will independently assess the luminal flow 
of ER using Fluorescence Recovery after Photobleaching (FRAP). Photobleaching will 
be conducted on N. benthamiana seedlings with ER labeled with luminal GFP-HDEL. In 
this case as long as the specific region of ER remains stable within the region of interest 
(ROI) during the analysis, the recovery of fluorescence only depends on the ability to 
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move within the lumen, while the lumen itself is contoured by the ER membrane with 
different shape.  
Materials and methods 
Photobleaching of ER lumen-GFP was carried out in Olympus FV1000 laser scanning 
confocal microscope, by using 405 nm diode laser that was set to 100% transmission. A 
40-frame (41.4X41.4 µm2, 200X200 pixel2) video was taken for each bleaching event, 
with a frame interval 0.32 seconds. Bleach start after recording first 10 frames in a 
4.14X4.14 µm2 (20X20 pixel2 smaller ROI), lasting 368.64 ms. For FRAP analysis, all 
frames of the videos were acquired as 16-bit gray-scale images. Each analyzed video 
was first processed with Image stabilizer plugin of ImageJ (49). A polygon that selected 
only the cell being bleached is manually created and added into ROI manager and used 
for normalization. FRAP analysis was then carried out using FRAP profiler final plugin in 
ImageJ (50). Recovery halftime and percent mobility was collected from each image 
and used for statistical analysis.  
Statistical analyses were carried out by both R and JMP softwares using Tukey-Kramer 
HSD analysis. One-way ANOVA analysis is also used in JMP to compare multiple 
groups. Confidence level is at 95% (p<0.05) Comparison of FRAP recovery halftime 
and percent mobility was done between each group of ER components (ER cisternae 
and tubule in control, plasmolysis and recovery stages respectively, Hechtian strand, 
Hechtian reticulum during plasmolysis and Bolus during recovery) respectively.  
Results: Photobleaching of ER luminal proteins reveals shape related FRAP 
pattern 
Although the measurement of the movement within the ER is sometimes combined with 
the measurement of the translational movement of the ER when using some types of 
optic flow analysis (13, 59), here we independently assess the movement within the ER 
lumen using FRAP. In previous studies where both FRAP and photoactivation were 
used to analyze flow within the ER (12), changes in internal flow did not correlate with 
increased persistency of the ER. Likewise, while plasmolysis increases cisternal 
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persistency (Figure 3-1, 3-2) and decreases ER translational movement in the 
protoplast (Figure 3-3), it does not change the half-time of fluorescence recovery or the 
percent mobility of ER luminal protein in the protoplast (Figure 4-1 C and D). Figure 4-1 
A and B shows representative regions and results from FRAP experiments.  Note that 
Hechtian strands and reticula form during plasmolysis, boluses or aggregates of GFP-
HDEL only form upon deplasmolysis (Figure 4-1 A, Figure 1-1 B), while cisternae and 
tubule ER present in all stages. Experimental data from many cells indicate that the half 
time for recovery does not change in the protoplast during plasmolysis, but increases 
significantly in Hechtian strands, Hechtian reticulum and boluses (Figure 4-1 C). 
Interestingly, although the percent mobility of the GFP-HDEL does not change in the 
protoplast ER compared to control cells, there are significant decreases in the percent 
of mobile GFP-HDEL in Hechtian strands, Hechtian reticulum, and boluses (Figure 4-1 
D). For a bolus formed within the recovery period, the amount of recovered 
fluorescence decreased several fold and is significantly lower than that in the rest of the 
ER. But for Hechtian strands and reticulum, although there is significant decrease in 
fluorescence recovery, only the ER tubules during plasmolysis and cisternae in control 
and plasmolyzed cells have significantly higher recovery (Note that Hechtian strands 
and cisternae during plasmolysis are not significantly different, but the p value is as 
small as 0.0507, thus Hechtian strands basically differ from the same ER components 
as Hechtian reticulum).  
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Figure 4-1. FRAP of different regions of the ER lumen GFP before and during 
plasmolysis and following recovery from plasmolysis in N. benthamiana seedlings. A) 
Images showing representative regions being assessed by FRAP. B) Representative 
region FRAP normalized intensity (red) and single exponential fitted recovery curve 
(blue). C) Recovery half-time of GFP-HDEL in tubules, cisternae, Hechtian strands and 
reticulum, and boluses that form upon deplasmolysis. Numbers of circles above each 
bar indicate significantly different groups (p<0.05). N = 18, 12, 13, 23, 9, 11, 24, 18, 12 
for each bar from left to right respectively. Bars: averages. Error bars: standard 
deviation. D) Percent mobility of the GFP-HDEL in tubules, cisternae, Hechtian strands 
and reticulum, and boluses that form upon deplasmolysis. Purple lines indicate the pairs 
of comparison that are significantly different from each other (p<0.05). Note that 
Hechtian strands and cisternae during plasmolysis are not significantly different, but the 
p value is as small as 0.0507, close to 0.05. N = 18, 12, 13, 23, 9, 11, 24, 18, 13 for 
each bar from left to right respectively. Bars: averages. Error bars: standard deviation.
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Discussion 
For the bulk of ER within protoplast, plasmolysis increases its cisternal persistency 
(Figure 3-1, 3-2) and decreases ER translational movement. The most obvious shape 
change would be the enlargement of ER cisternae. Recent biophysical studies on the 
influence of 3D ER shape on ER luminal and surface protein diffusive flow indicate that 
organelle shape considerably influences diffusive transport (64). Studies on ER 
membrane shaping protein reticulons also showed that reticulons restricted narrow ER 
tubules can have limited luminal protein flow (21). The fact that protoplast ER doesn’t 
have obvious changes in FRAP profile indicate that the shape of ER membrane caused 
by plasmolysis wasn’t enough to induce changes in luminal protein flow.  
The highly tubulized ER in Hechtian strands and reticulum indicate a potential lack of 
space for ER lumen protein to move around freely. But if the tubular shape of Hechtian 
strands and reticulum do not restrict the flow within their lumen, the reduction of both 
speed and amount of fluorescence can be inferred as the result of being isolated from 
the bulk of ER within the protoplast. The percent mobility for Hechtian strands and 
reticulum are diminished but are still about 70% of pre-bleaching value, thus the flow is 
not likely to be physically blocked. The streaming within the protoplast was reduced but 
not eliminated (Figure 3-4), thus indicating that directional flow within the protoplast is 
still going on. The phenomenon that fluorescence within the Hechtian strands and 
reticulum can still recover but recovers slowly may be caused by the lack of directional 
flow outside the protoplast. In FRAP analysis, whether there is asymmetry in recovery 
pattern in protoplast ER lumen or not could be used to determine the direction of flow 
within the ER lumen. Boluses were speculated as “broken pieces” from Hechtian 
strands and reticulum that could not fuse back to protoplast ER at the early stage of 
recovery, which explains their lack of fluorescence recovery.   
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CHAPTER V 
SUMMARY 
ER, as the largest endomembrane system in eukaryotes, plays important roles in 
protein and lipid synthesis and distribution (8). Our studies of ER dynamics provide 
evidence for an underlying function of this network organization in connecting 
organelles with a “highway” of protein and lipid flow (65). The well-maintained 
complicated ER network addresses many important functions inside the cell. For 
example, it could be important for providing the generation force behind bulk flow 
cytoplasmic streaming in the mature higher plant cell, as it has been suggested for giant 
algal cells (60). The contact sites of ER and other organelles, such as mitochondria, 
may have critical functions in creating communication and routes of metabolites 
exchange between organelles (9). Either flow within the cytoplasm or new ways for 
metabolites exchanges is important for plant development. Study the relationship 
between ER morphology and these processes helps us to understand the basic 
mechanism of cell growth. In particular, the response of the ER to biotic, and as detailed 
here, abiotic stress, could play a role in overcoming or evolving with that stress. 
Hechtian strands and Hechtian reticulum forms at where ER is not able to pull away 
from cell wall. Our results showed that Hechtian reticulum specifically localizes right 
beneath the periclinal wall. More interestingly, the layer where Hechtian reticulum forms 
is covered by plasma membrane, which normally is considered withdrawn away with the 
receding protoplast. Thus using plasmolysis as a tool, we are able to identify potential 
ER – plasma membrane – wall anchoring sites, which might have an important role in 
shaping the cortical ER network. These plasma membrane contact sites in animal cells 
and yeast have been identified as the sites of cholesterol transport and lipid 
biosynthesis (66). The initiation of new contact sites and the associated reorganization 
of the ER is also a key process in the initial stages of the entry of symbiotic nitrogen-
fixing bacteria, the initial association of mycorrhizal fungi with roots, and the intiation 
and development of tip growth (8). Pathogen defense studies identified a plasma 
membrane-localized protein NDR1 mutant that cannot form Hechtian reticulum and 
have impaired pathogen defense signaling (56). Our results gave detailed descriptions 
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of the Hechtian reticulum formation, its relationship to the rest of the cell and 
cytoskeletal interactions, which would be important in identifying ER function in 
pathogen defense signaling. Future studies using mutants with defective proteins 
involved in Hechtian reticulum formation will be carried out to examine the roles of these 
proteins in ER shaping and material transport. Study of the membrane contact sites, the 
Hechtian reticulum and Hechtian strand attachment regions, could provide insight into 
the basic function of this association in multiple physiological events, from nutrition to 
growth to pathogen defense in the life of plants. 
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